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ling,	 reconciling	outcomes	 from	 laboratory	 and	 field	 studies	 increases	 the	 con-
fidence	 and	 precision	 with	 which	 we	 can	 predict	 warming	 impacts	 on	 natural	
systems.	
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sumption	at	 low	resource	densities	 (Holling,	1959).	Handling	time	 in-
cludes	the	processes	of	subduing,	 ingesting	and	digesting	a	resource	
and	 determines	 the	maximum	 feeding	 rate	 of	 a	 consumer	 (Englund,	







on	 changes	 in	 energy	 acquisition	 relative	 to	 expenditure,	which	 de-
fine	an	organism's	energetic	efficiency	and	its	ability	to	meet	its	met-
abolic	 requirements	 (Vasseur	 &	McCann,	 2005).	 If	 warming	 pushes	






Since	 the	 temperature	dependences	of	 functional	 response	pa-






















There	 are	 some	 indications	 that	 laboratory	 experiments	 may	
grossly	 overestimate	 field-based	 feeding	 rates,	 although	 explicit	
tests	 are	 still	 scarce	 (Aljetlawi,	 Sparrevik,	 &	 Leonardsson,	 2004;	
Wilhelm,	 Schindler,	 &	 McNaught,	 2000).	 In	 situ	 functional	 re-
sponse	 experiments	 are	 difficult	 to	 carry	 out	 and,	 consequently,	
they	 are	 rare	 (e.g.,	 Jost,	 Devulder,	 Vucetich,	 Peterson,	 &	 Arditi,	
2005;	Barrios-O'Neill,	Dick,	Ricciardi,	MacIsaac,	&	Emmerson,	2014;	
Novak,	Wolf,	Coblentz,	&	 Shepard,	 2017),	 so	 data	 are	 often	 com-
bined	from	a	range	of	locations	with	the	assumption	of	spatial	and	
temporal	 consistency	 (Angerbjorn,	 Tannerfeldt,	 &	 Erlinge,	 1999).	
Comparative	 field	 and	 laboratory	 studies	 are	 needed	 to	 test	 con-









To	 link	 laboratory	 experiments,	 field	 data	 and	 energetic	mod-
elling,	 we	 sought	 to	 determine	 whether	 the	 temperature	 depen-
dences	 of	 laboratory-derived	 functional	 response	 parameters	 are	
(1)	repeatable	at	different	times	and	(2)	realistic	(i.e.,	reflecting	field	
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15	of	 its	 tributaries	 (Demars	et	 al.,	2011),	which	 range	 in	 temperature	
from	about	4	to	25°C,	but	are	otherwise	physically	and	chemically	sim-
ilar	(Demars	et	al.,	2011;	Friberg	et	al.,	2009).	This	enables	us	to	isolate	
the	 in	 situ	 effects	 of	 temperature	 on	 the	 constituent	 organisms	with-
out	 other	 confounding	 environmental	 effects	 (O'Gorman	 et	 al.,	 2014).	
Previous	work	on	the	Hengill	system	has	identified	the	major	predatory	
invertebrate	taxa	as	the	dipteran	larva	Limnophora riparia	(Fallén)	and	the	









Third-instar	 larvae	 of	 L. riparia	 and	 fifth-instar	 larvae	 of	 P. cingula‐
tus	were	used	as	predators	 in	 the	 field	and	 laboratory	experiments.	
Limnophora riparia	is	a	true	fly	from	the	Muscidae	family,	widely	dis-
tributed	 in	 the	 Palaearctic	 region	 (Skidmore,	 1985)	 and	 common	 in	
fast-flowing	streams	(Wotton	&	Merritt,	1988).	It	is	an	active	suctorial	






in	 European	 streams,	 particularly	 at	 higher	 latitudes	 and	 elevations	
(Gíslason,	Hannesdóttir,	Munoz,	&	Pálsson,	2015).	It	is	an	active,	ben-
thic	forager,	which	 is	typically	considered	a	shredder	of	 leaf	 litter	 in	
stream	ecosystems	(Otto,	1974),	but	becomes	predatory	in	the	fourth	
and	 fifth	 instars	 (Giller	&	Sangpradub,	1993).	Larvae	of	P. cingulatus 
(1.9	±	0.3	mm;	mean	head	capsule	width	±	SD)	were	collected	from	the	
stream	where	they	were	most	abundant	in	2015	(Figure	1b,d).
The	 prey	 species	 for	 both	 predators	 were	 blackfly	 larvae	 from	
the	 Simuliidae	 family,	 including	 Simulium aureum	 (Fries),	 S. vernum 
(Macquart),	S. vittatum	(Zetterstedt)	and	Prosimulium ursinum	(Edwards).	
Simuliidae	larvae	are	largely	sedentary	filter	feeders,	typically	associ-
ated	with	 fast-flowing	waters	 (Wallace	&	Merritt,	 1980).	They	 com-
monly	 comprise	 a	 large	 proportion	 of	 benthic	 biomass	 (Cummins	&	
Klug,	1979;	Werner	&	Pont,	2003),	making	 them	an	 important	 food	
resource	 for	many	 freshwater	 predators	 (Malmqvist,	Adler,	Kuusela,	
Merritt,	&	Wotton,	2004;	O'Gorman	et	 al.,	 2016).	The	 species	used	
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population	abundance	of	L. riparia,	P. cingulatus	and	their	Simuliidae	
prey.	 Macroinvertebrates	 were	 quantitatively	 Surber-sampled	
from	14	 streams	 in	 the	Hengill	 catchment	 in	August	2004,	2008	
and	2012	(25	×	20	cm	quadrat;	200	μm	mesh;	n	=	5	per	stream	per	
year).	The	samples	were	preserved	in	70%	ethanol,	and	the	number	
of	L. riparia,	P. cingulatus	and	Simuliidae	 individuals	 found	 in	each	
was	recorded.	An	average	abundance	was	estimated	from	the	five	
Surber	 samples	 (since	 they	 are	 not	 independent	 replicates)	 for	 a	
single	estimate	of	abundance	for	each	species	per	stream	per	year.	
The	effect	of	temperature	on	population	abundance	was	analysed	
with	 a	 generalized	 additive	 mixed-effects	 model	 (GAMM),	 with	
year	 as	 a	 random	 effect	 to	 account	 for	 potential	 temporal	 auto-
correlation	 in	population	abundances	 (gamm	 function	 in	the	mgcv 
package	of	R).	All	statistical	analyses	were	performed	in	R	3.5.0.
2.4 | Laboratory experiments
To	 assess	 the	 repeatability	 of	 functional	 response	 experiments,	
laboratory	 trials	 were	 carried	 out	 in	 2013	 and	 2015	 in	 the	 same	




a	 comparative	predator	 species	 in	 the	Lab	2015	study.	Organisms	
were	 collected	 in	 the	 streams	 at	 Hengill	 and	 immediately	 trans-
ported	 to	 CT	 chambers,	 where	 they	were	 stored	 in	 aquaria	 filled	
with	water	from	the	river	Hengladalsá,	continuously	aerated	using	





Each	 experimental	 unit	 held	 one	 predator	 individual	 and	 one	 of	
eight	 initial	densities	of	prey	 (Figure	1c).	A	predator-free	control	
was	 added	 for	 every	 prey	 density	 in	 each	 experimental	 trial	 to	








units	 where	 the	 predator	 had	 died	 or	 pupated	were	 discounted	
because	they	could	no	longer	feed	(9	out	of	168	and	8	out	of	214	





















as	 in	 the	 laboratory	 experiments,	were	 placed	 in	 the	 arenas	 for	
30	min	 before	 adding	 the	 predators.	 Experiments	 ran	 for	 24	 hr,	
after	which	time	predators	were	removed	from	each	arena	and	the	
number	of	surviving	prey	was	recorded.	Experimental	units	were	










riparia and Potamophylax cingulatus,	who	exert	strong	feeding	
pressure	on	the	abundant,	filter-feeding	Simuliidae	(cf.	Figure	1	for	
definitions	of	silhouettes).	At	the	top	of	the	food	web,	brown	trout	
exert	weak	top-down	control	on	L. riparia and P. cingulatus,	with	
their	strongest	links	to	Simuliidae	and	adult	Diptera
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again	discounted	if	the	predator	had	died	or	pupated	(2	out	of	78	
and	1	out	of	79	experimental	 units	 discounted	 for	L. riparia and 
P. cingulatus,	respectively).
2.6 | Quantifying feeding rate







either	L. riparia or P. cingulatus.	Temperature	dependence	was	incor-
porated	into	Equation	1	according	to	MTE	(Brown	et	al.,	2004;	Rall	
et	al.,	2012),	by	scaling	mij	by	an	Arrhenius	temperature	term:
where	mij0	 is	natural	mortality	at	T0,	Emij	 is	 the	activation	energy	
(eV),	 k	 is	 the	 Boltzmann	 constant	 (8.618	 ×	 10–5	 eV/K),	 Ti	 is	 the	








ues	 of	mij0 and Emij	 for	 the	 Lab	2015	 and	Field	2015	experiments	
of	both	predator–prey	combinations	were	taken	from	the	most	par-
simonious	model	according	 to	Bayesian	 information	criterion	 (BIC)	
and	used	to	correct	for	natural	mortality	in	all	subsequent	analyses	
(Table	 S1;	 Figures	 S1	 and	S2).	 The	 inclusion	of	 the	 Lab	2013	data	
(where	 there	was	no	natural	mortality	and	 so	mij0	=	0)	 allowed	us	
to	determine	whether	any	temperature-dependent	feeding	patterns	
were	 consistent	 after	 correcting	 for	 natural	 mortality	 in	 the	 Lab	
2015	and	Field	2015	datasets.




where	 c	 is	 the	 attack	 coefficient,	 describing	 the	 linear	 increase	 in	
attack	rate,	and	h	is	the	Hill	exponent,	which	determines	the	shape	
of	the	functional	response.	Classically,	the	functional	response	has	
been	categorized	into	linear	type	I	(h = 1 and b	=	0,	with	a	cut-off	for	
maximum	feeding	rate),	hyperbolic	type	II	(h	=	1)	and	sigmoidal	type	
III	 (h	 =	 2).	 Thus,	 the	 change	 in	 prey	density	 through	 time	without	
replacement	(including	a	correction	for	natural	mortality,	where	ap-
propriate)	can	be	described	as:
The	 temperature	 dependences	 of	bij and cij	were	 incorporated	
into	Equation	5	by	scaling	each	of	these	parameters	by	an	Arrhenius	
temperature	term,	as	for	mij	in	Equation	2:
We	 fitted	 type	 I,	 II	 and	 III	 responses	 separately;	 thus,	 each	of	
our	 functional	 response	models	 included	 four	 free	parameters	 for	
each	dataset	(bij0,	Ebij,	cij0 and Ecij).	All	possible	combinations	of	tem-
perature	 dependence	 across	 settings	 were	 fitted	 by	 sequentially	
letting	Ebij = 0 and Ecij	=	0	and	replacing	Ebij	with	Ebj,	bij0	with	bj0,	Ecij 










Ikeda	2016)	 by	measuring	 the	oxygen	 consumption	 rate	of	 individ-
ual L. riparia and P. cingulatus	at	5,	10,	15,	20	and	25°C,	according	to	













mesh	screen.	In	each	trial,	one	individual	L. riparia or P. cingulatus	was	
placed	in	each	of	seven	chambers	and	the	eighth	chamber	was	used	as	
an	animal-free	control	to	account	for	sensor	drift.
Oxygen	 consumption	 was	 measured	 with	 an	 oxygen	 mi-




































Metabolic	 rates	 (µmol	O2/hr)	were	 calculated	 as	 the	best-fitting	
line	through	all	data	points	measured	in	each	chamber,	corrected	
for	background	rates	in	the	animal-free	control	chamber	and	then	
converted	 to	 energetic	 equivalents	 (J/h)	 using	 atomic	 weight	
(1	mol	O2	 =	31.9988	g),	 density	 (1.429	g/L)	 and	a	 standard	con-
version	(1	ml	O2	=	20.1	J;	Peters,	1983).	Metabolic	rate	was	mea-


















paria and P. cingulatus	was	calculated	according	to	Rall	et	al.	(2010)	


















to	be	a	constant	 for	carnivores	 in	population	modelling	 (ω	=	0.85;	
after	Yodzis	&	 Innes,	1992),	 a	 recent	meta-analysis	 showed	 that	 it	
scales	systematically	with	temperature	as:
where	ω0 = e















We	 fitted	 generalized	 additive	 models	 (GAM)	 to	 estimate	 the	









Limnophora riparia	 was	 absent	 from	 the	 coldest	 streams	 in	 the	
system,	 and	 its	 population	 abundance	 increased	 with	 increasing	
temperature	(GAMM:	F	=	12.36,	p = .001; r2	=	 .17;	Figure	3a).	The	
population	 abundance	 of	 P. cingulatus	 exhibited	 a	 hump-shaped	
response	 to	 temperature,	 increasing	 to	 a	 peak	 around	 10°C,	with	
the	species	rarely	found	in	the	warmest	streams	(GAMM:	F	=	8.97,	
p < .001; r2	=	.21;	Figure	3b).	Simuliidae	were	absent	from	the	cold-
est	 streams,	 and	 their	 population	 abundance	 increased	with	 tem-
perature	to	a	maximum	of	8,500	individuals/m2	(GAMM:	F	=	58.58,	
p < .001; r2	=	.58;	Figure	3c).
3.2 | Feeding rate
The	 combined	 Lab	 2013,	 Lab	 2015	 and	 Field	 2015	 datasets	 for	
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functional	 response	with	 separate	 intercept	values	of	attack	co-
efficient	 for	 each	 dataset	 and	 a	 shared	 handling	 time	 (Table	 1;	





with	 temperature,	 independent	 of	 year	 or	 experimental	 setting	
(Figure	4d),	and	the	shared	handling	time	indicated	that	maximum	
feeding	 rate	 was	 similar	 between	 the	 Lab	 2013,	 Lab	 2015	 and	
Field	2015	datasets	 (Figure	S4a–c).	 This	 result	 addressed	objec-
tives	1	and	2	of	the	study	by	demonstrating	a	consistent	tempera-
ture	 dependence	 of	 the	 functional	 response	 between	 years	 and	
across	settings.
The	combined	Lab	2015	and	Field	2015	datasets	for	P. cingulatus 
feeding	 on	 Simuliidae	were	 best	 described	 by	 a	 type	 II	 functional	





time	was	again	 independent	of	 temperature	 (Table	1).	Thus,	as	 for	







The	 respiration	 rate	 of	L. riparia	was	 best	 described	by	 a	multiple	
linear	regression	model	that	included	the	significant	main	effects	of	
temperature	and	body	mass	(F2,43 = 90.28; p < .001; r
2	=	.80;	Table	2).	




TA B L E  1  Parameter	estimates	with	associated	standard	errors	(SE),	z-values	and	p-values	for	the	most	parsimonious	models	according	




Species Parameter Dataset Estimate SE z‐value p‐value
L. riparia c0 Lab	2013 0.241 .171 −8.325 <.001
c0 Lab	2015 0.802 .218 −1.010 .313
c0 Field	2015 1.889 .281 2.260 .024
b0 Combined 4.033 .394 3.543 <.001
Ec Combined 0.704 .152 4.615 <.001
P. cingulatus c0 Lab	2015 1.529 .088 4.849 <.001
c0 Field	2015 5.515 .103 16.61 <.001
b0 Combined 0.644 .160 −2.756 .006
Ec Combined 0.229 .067 3.424 <.001
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The	 respiration	 rate	 of	 L. riparia	 increased	with	 temperature	with	
an	activation	energy	of	0.69	±	0.12	eV	(mean	±	95%	CI;	Figure	5a)	
and	 with	 body	 mass	 with	 an	 allometric	 exponent	 of	 0.53	 ±	 0.20	
(mean	±	95%	CI;	Figure	5b).	The	respiration	rate	of	P. cingulatus	was	
best	described	by	a	polynomial	regression	model	that	included	the	
significant	 main	 linear	 and	 quadratic	 effects	 of	 temperature	 only	
(F1,38	 =	 19.95;	p < .001; r





Energetic	efficiency	declined	as	 temperature	 increased	 for	both	
L. riparia	(GAM:	F	=	7.06,	p = .009; r2	=	.56;	Figure	6a)	and	P. cin‐
gulatus	(GAM:	F	=	147.6,	p < .001; r2	=	.98;	Figure	6b).	Limnophora 
riparia	was	 energetically	 efficient	 across	 all	 temperatures	 in	 the	
sampled	 streams,	 with	 a	 minimum	 energetic	 efficiency	 of	 2.5	
(Figure	 6a).	 There	 was	 no	 significant	 relationship	 between	 en-
ergetic	 efficiency	 and	 population	 abundance	 in	 L. riparia	 (GAM:	






















turing	 its	prey	a	 lengthy	process	 (Wotton	&	Merritt,	1988).	This	 is	
likely	 to	 increase	handling	 time	 and	 reduce	 its	 overall	 attack	 rate.	
Although	hump-shaped	relationships	between	attack	rate	and	tem-
perature	have	been	previously	demonstrated	(Englund	et	al.,	2011),	
such	 a	 response	 was	 not	 indicated	 here,	 suggesting	 that	 neither	
predator	was	physiologically	 limited	by	 the	 range	of	 temperatures	
experienced	in	the	laboratory	or	field	(i.e.,	3–18°C).
The	 consistent	 temperature	 scaling	 of	 attack	 rate	 across	 ex-
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et	 al.,	 2003)	 and	 offers	 great	 promise	 for	 their	 use	 in	 predictive	












when	 extrapolating	 the	 results	 to	 field-based	 consumption	 rates;	
however,	 the	consistent	 temperature	effect	on	 feeding	 rates	 from	
experiments	with	 and	without	natural	mortality	 suggests	 that	our	
statistical	correction	for	this	unexpected	loss	of	prey	was	effective.	





the	 functional	 response	may	 be	well	 characterized,	 some	 caution	
should	 be	 exercised	when	 extrapolating	 absolute	measures	 in	 the	
wild	from	experimental	data.
While	 the	 activation	 energy	 of	 attack	 rate	 was	 consistent	
across	 experimental	 settings	 for	 each	predator	 species,	 there	was	
no	effect	of	 temperature	on	handling	time,	which	 is	 in	contrast	 to	
TA B L E  2  Parameter	estimates	with	associated	standard	errors	(SE),	t-values	and	p-values	for	the	most	parsimonious	model	according	





Species Parameter Estimate SE t‐value p‐value
L. riparia I0 −4.171 .089 −47.10 <.001
dI 0.525 .099 5.296 <.001
EI 0.687 .059 11.72 <.001
P. cingulatus I0 −1.056 .191 −5.540 <.001




−0.339 .172 −1.974 .054
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many	previous	 studies	 (Rall	 et	 al.,	 2012;	Sentis	et	 al.,	 2012,	2015;	
Vucic-Pestic	et	al.,	2011).	Handling	time	is	also	constrained	by	mor-






temperature	 (Kalinoski	&	DeLong,	 2016).	 Indeed,	 feeding	 rates	 of	







P. cingulatus	must	consume	many	prey	 (which	are	small	 relative	 to	






with	 95%	CI	 for	 both	 predators	 including	 the	 expected	 range	 of	
0.6–0.7	 eV	 (based	 on	 the	 average	 of	 observed	 metabolic	 rates;	
Brown	et	al.,	2004).	Limnophora riparia	did	not	appear	to	be	physi-
ologically	 limited	 over	 the	 5–25°C	 range	 of	 experimental	 tem-
peratures.	 Metabolic	 rate	 for	 P. cingulatus	 levelled	 off	 at	 higher	









energy	expended	 in	 carrying	 a	heavier	 case)	 and	 could	be	 consid-
ered	 in	future	studies	of	allometric	scaling	 in	armoured	organisms.	
The	95%	CI	of	 the	allometric	slope	 for	 respiration	rate	 in	L. riparia 







4.3 | Energetic efficiency and population abundance
The	 decline	 in	 energetic	 efficiency	 for	 both	 predators	 as	 stream	
temperature	increased	(Figure	6a,b)	has	previously	been	shown	in	
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terrestrial	invertebrates	(Rall	et	al.,	2010;	Vucic-Pestic	et	al.,	2011;	
but	 see	 Sentis	 et	 al.,	 2012).	 Such	 energetic	 constraints	 seem	 in-
evitable	at	higher	temperatures	unless	organisms	can	sufficiently	
increase	their	food	intake	(Johansen	et	al.,	2015),	alter	their	feed-
ing	 behaviour	 to	 target	 more	 energetically	 valuable	 resources	
(O'Gorman	 et	 al.,	 2016),	 or	 acclimate	 and	 even	 adapt	 to	warmer	
conditions	 over	 time	 (Sentis	 et	 al.,	 2015).	 Even	 then,	 population	
persistence	may	be	determined	by	top-down	control	or	the	avail-
ability	of	sufficient	resources	at	lower	trophic	levels	(Johansen	et	
















ulation	 abundance	 in	 L. riparia,	 which	 had	 a	 surplus	 of	 energy	
across	 all	 temperatures	 (Figure	 6c).	 This	 suggests	 factors	 other	
than	energetic	limitation	determine	population	size	in	this	species,	
for	 example	 habitat	 complexity	 or	 food	web	 structure.	 The	 spe-
cies	prefers	moss	habitat	(Wotton	&	Merritt,	1988),	which	is	more	
abundant	with	increasing	stream	temperature	at	Hengill,	and	may	
support	 larger	 populations	 in	 warmer	 streams	 (Guðmundsdóttir	
et	al.,	2011).	Additionally,	we	only	considered	one	prey	species	in	
these	experiments	and,	although	Simuliidae	are	the	major	trophic	
pathway	 for	 L. riparia	 (see	 Figure	 2),	 prey	 switching	may	 help	 to	
meet	 its	 energy	 demands.	While	 predation	 pressure	 from	higher	
trophic	level	organisms	was	likely	to	be	weak	in	our	study	streams	











behavioural	 responses	 should	 be	 taken	 into	 consideration	 for	 a	
more	general	application	of	our	energetic	efficiency	framework	for	
predicting	abundance	patterns.




fore	 destabilize	 population	 dynamics	 through	 increased	 predator	
feeding	rates	(Rall	et	al.,	2010).	Energetic	inefficiency	and	eventual	
predator	 starvation	 will	 occur	 if	 metabolic	 demand	 outpaces	 re-
source	intake,	or	the	prey	population	cannot	support	predator	feed-
ing	 rates,	 destabilizing	 long-term	 community	 dynamics	 due	 to	 the	
disproportionate	loss	of	species	from	higher	trophic	levels	(Petchey,	
McPhearson,	 Casey,	 &	Morin,	 1999).	 Associated	 release	 of	 lower	
trophic	levels	from	top-down	control	may	alter	primary	production,	
food	web	stability	and	ecosystem	functioning,	while	also	reducing	
biodiversity	 (Fussmann	 et	 al.,	 2014;	 Kishi,	 Murakami,	 Nakano,	 &	
Maekawa,	2005).	Alternatively,	increased	rates	of	prey	growth	and	
abundance	could	offset	the	negative	effects	of	stronger	interactions	
from	 predators	 (Berlow	 et	 al.,	 2009).	 Evidence	 for	 increased	 prey	
production	 due	 to	 faster	 growth	 and	 greater	 reproductive	 output	
in	the	warmer	streams	at	Hengill	(Hannesdóttir,	Gíslason,	Ólafsson,	
Ólafsson,	&	O’Gorman,	2013)	indicates	that	prey	populations	could	
be	 sustained	at	higher	 temperatures	 in	 the	 long	 term,	despite	 the	
stronger	consumption	pressure	exerted	on	them.
5  | CONCLUSIONS
We	 have	 demonstrated	 consistency	 in	 the	 temperature	 depend-
ence	 of	 functional	 response	 parameters	 across	 field	 and	 labora-
tory	settings,	which	supports	their	use	 in	predictive	modelling	for	
estimating	warming	effects	on	natural	systems	(Binzer	et	al.,	2016;	
Fussmann	 et	 al.,	 2014;	 Petchey	 et	 al.,	 2010;	 Vasseur	 &	McCann,	
2005).	This	consistency	was	found	for	two	important	invertebrate	
predators	 in	 freshwater	 streams	 that	 exhibit	 contrasting	 foraging	
modes	and	energetic	efficiencies.	This	suggests	that	predator–prey	
interactions	 could	 respond	 to	warming	 in	 broadly	 systematic	 and	
predictable	ways,	 though	the	magnitude	of	 the	response	depends	
on	species	 identity	and	associated	 traits.	Our	 results	also	suggest	
that	 estimates	 of	 energetic	 efficiency	 based	 on	 respirometry	 and	
functional	 response	 experiments	 offer	 a	 promising	 new	 way	 to	
identify	 consumer	 species	 that	 are	 on	 the	 threshold	 of	 energetic	
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